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Mitotic response to high protein intake in different renal cell types in
weanling rats. We examined the effect of high protein intake on the
mitotic response (3H-thymidine incorporation) in the glomerulus, prox-
imal tubule (PT), thick ascending limb of Henle (TAL), distal tubule
(DT)and collecting duct (CD) in kidneys from 16- to 24-day-old ratsthat
received an isocaloric diet containing 21% (NP) and 50% (HP) protein
from 16 days of age. Nephron filtration rate was also determined. After
two days of HP diet, thymidine incorporation (TI) was significantly
increased in PT and TAL. After two days on HP diet TI was most
pronounced in TAL. After eight days on HP diet TI remained elevated
in PT, but not in TAL. HP did not increase TI in DT or CD. The
glomerular TI was the same in HP as in NP rats after two and four days
on the diet, but was significantly elevated after eight days on HP diet.
The nephron filtration rate was increased after two days and remained
significantly elevated after eight days on HP diet. The proximal tubule
fractional reabsorption was the same in 24-day-old NP and HP rats. We
conclude that the results are compatible with the hypothesis that the Na
load is a major factor triggering tubular growth after HP intake.
Glomerular growth is secondary to increase in nephron filtration rate.
A high protein intake increases GFR 1, 2] and stimulates
kidney growth [3—5]. The mechanisms triggering kidney growth
are not well understood. Increase in nephron load has been
implicated [6] but circulating growth factors have also been
suggested [7]. Sodium delivery to the distal tubule has been
found to be less in rats on high protein intake compared to rats
on low protein intake [8]. If high protein intake would stimulate
renal growth mainly by increasing the Na load to the tubules,
the mitotic response would be expected to be localized mainly
to the proximal part of the nephron. To determine whether this
was the case, we have performed a descriptive study, which
compares the mitotic response to a high protein diet in the
proximal tubule (PT), the thick ascending limb (TAL), the distal
tubule (DT) and the collecting duct (CD). The mitotic response
has also been studied in the glomerulus. The results have been
related to changes in filtration rate, determined as SNGFR. The
study was performed in weanling, 16- to 24-day-old rats. We
chose this age since the potential for renal growth is higher in
young than in adult rats [91. 3H-thymidine incorporation and
autoradiography was used to localize the mitotic activity in the
different structures of the kidney.
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Methods
The studies were performed on male Sprague-Dawley rats.
The rats were weaned at 16 days of age. At that time the body
weight ranged between 36 g and 42 g. The rats were randomly
allocated to one of two experimental groups: one group re-
ceived a diet containing 21% protein and the other group a diet
containing 50% protein. The diets were semi-synthetic and
delivered from EWOS, Sodertälje. Sweden. They were
isocaloric, the difference in protein caloric value being compen-
sated for by varying the carbohydrate content. The source of
protein was pure casein. Equal amounts of inorganic phosphate
were added to both diets, but since the casein used to prepare
the diets contained phosphorus, the total amount of phosphorus
in the 50% diet was slightly higher than in the 21% diet (0.72%
and 0.45%, respectively). The contents of sodium, potassium
and calcium in the diets were identical. Four to six rats were
housed in each cage and they had free access to food and water.
The food consumption was measured in each cage and was
found not to differ between the groups. The rats were studied at
the age of 18 days (N = 5 rats in each group), 20 days (N = 4 to
5 rats in each group) and 24 days (N = 6 to 8 rats in each group).
All studies were carried out in the morning. The rats were
injected with (3H) thymidine (Amersham International plc,
Amersham, UK) 1 pCi/g body weight i.p. One hour later the rat
was anesthetized with Inactin-Byk (Byk Gulden, Constanz,
FRG) 80 mg/kg i.p. Through a midline incision the aorta was
cannulated and the left kidney was perfused, first with Ringer's
solution containing 4% dextran and 0.4% lidocaine chloride and
then with 3% glutaraldehyde in 4% dextran buffer. Care was
taken to maintain the perfusion pressure slightly above the rat's
arterial blood pressure. The kidney was then removed and kept
in the fixation solution until further analyzed. The pedicle of the
right kidney was clamped immediately before the perfusion of
the left one. It was subsequently removed and used to record
the kidney weight.
Central blocks of renal tissue extending from the cortex to the
papilla tip were excised and embedded in glycol methachrylate
(JB4, Sorval). Sections parallel to the cortico-medullary axis
were cut at 2 m, dried on the glass slides and covered by
dipping in photographic emulsion (Kodak NTB2). The prepara-
tions were exposed for three to four weeks in a plastic box
containing drierite and kept in a refrigerator at 4°C. Each box
contained one preparation from a rat not injected with radioac-
tive thymidine (blank) and one that had been exposed to light.
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After exposure the sections were developed in Kodak D19,
fixed in sodium thiosuiphate and then stained with hematoxylin-
eosin. All the procedures were performed in parallel in both NP
and HP rats during the experiment.
The autoradiographic specimens (N = 5 to 7 rats in each
group) were studied under oil immersion (magnification ><
1000), using an eyepiece with an inserted grid. For each type of
tubule segment a total of 1000 to 2000 cells were counted and
the percentage of radioactively labeled cells were recorded as
the labelling index. The PT cells were counted in the cortex and
the outer stripe, TAL cells in the outer and inner stripe, DCT
cells in the cortex and CD cells in the cortex and outer stripe.
One to two sections from each rat were used for evaluation of
PT and TAL, while two to four sections from each rat were
generally needed for evaluation of DCT and CD. The areas
studied for PT and TAL were randomly selected while the
whole section was studied for DCT and CD. A cell was
considered to be labeled if at least five silver grains were found
over its nucleus. Usually, many more grains were seen and the
labeled cells were easily recognized. The labeled glomerular
cells were found by studying all glomerular profiles in each
section (>1000 glomerular cells/section). No attempt was made
to classify the glomerular cells as endothelial, epithelial or
mesangial.
SNGFR
The rats (N 4 to 8 rats in each group) were intubated and
one jugular and one carotid artery were cannulated with poly-
ethylene catheters. Polyfructosan-S (I nutest Laevosan-Ge-
sellschaft, Linz, Austria) was used as an indicator of GFR. The
rats were given in intravenous prime dose (1 ml/lOO g body wt)
of a solution containing 5 to 8% mutest in isotonic saline. The
prime dose was followed by a continuous infusion of the same
solution at a rate of I ml/lOO g body wt/hr. From each rat, three
to six free flow samples of proximal tubular fluid were collected
during one to three minutes. Most of the SNGFR values were
obtained after random tubular punctures of proximal convo-
luted tubules (PCT). In some cases we located the end PCT by
first randomly puncturing a PCT, using an oil-filled pipette with
an outer diameter of less than 3 zm. A small oil drop was
injected into the lumen and its passage through the proximal
convoluted tubule was observed. The last visible segment of the
tubule was then punctured and a free flow sample was collected
during one to three minutes. The fraction of the SNGFR
reabsorbed at the end of PCT was calculated, using the expres-
sion:
(SNGFR - V)
Fractional reabsorption (%) = X 100SNGFR
where V is the flow rate at the site of the puncture.
The method employed in this laboratory for the SNGFR
determination has been described in detail previously [10].
Statistical analysis
The Student's t-test was used for the statistical analysis. All
values are presented as means SD. P values <0.05 are
considered significant.
Results
The general effects of a HP diet are shown in Table 1. In this
study we noted little effect of HP diet on body weight. The
kidney weight was significantly (P < 0.001) higher in HP rats
than in NP rats after only two days. The kidney weight/body
weight ratio was higher in HP rats than in NP rats after two
days. The difference in kidney weight/body weight ratio became
even more marked after four days (Table 1).
in Figures I and 2 we have examined the effect of a high
protein diet on the labelling index in proximal tubules (PT) and
thick ascending limbs of Henle (TAL). in PT cells, HP diet
caused a significant increase in the labelling index after only two
days (Fig. 1). The difference was still significant after four days
(P < 0.01) and after eight days (P < 0.02, Fig. I).
Also in TAL cells HP diet significantly increased the labelling
index after two days (Fig. 2). The increase was more pro-
nounced than in PT, especially in the inner stripe (results not
shown). The labelling index in TAL cells then gradually de-
clined. After eight days there was no difference between the HP
and NP rats with regard to the labelling index in TAL cells (Fig.
2).
HP diet did not increase the labelling index in distal convo-
luted tubule and collecting duct cells (Table 2). On the contrary,
the labelling index was generally somewhat lower in the HP
group, although the difference was not statistically significant.
There was virtually no labelling of any cell type in the inner
medulla. The labelling index in glomeruli (Fig. 3) was very low
after two days and there was no significant difference between
the two experimental groups. After four days, the labelling
index had increased to the same extent in both groups. After
eight days, the labelling index in glomerular cells had increased
further in both groups and become significantly higher in the HP
group than in the NP group (P < 0.001). In the NP group there
18 days
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Table 1. Body weight, kidney weight and kidney weight/body weight ratio in rats fed 21% and 50% protein from weaning (16 days) until time
of investigation
20 days
21% 50% 21% 21% 50%
24 days
Body wt g 37.5 2.0 40.6 0.4 + 1.8 47.8 1.949.7 75.8 4.4 71.2 2.5
Kidney wt gb 0.243 0.012 0.284 0.012" 0.302 0.028 0.382 0.049' 0.465 + 0.050 0.584 0.041
Kidney wt/body wt 0.65 0.02 0.71 0.03" 0.61 0.04 0.80 0.10' 0.61 0.05 0.83 0.05"
g/100 g
— 5 to 7 rats in each group.
lower protein intake
Values are means +
a Significantly different
1 SD; N
from
b Right kidney
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Fig. 1. Labelling index (%) in proximal tnbnlar cells in rats fed 21%
(fl//ed circles) and 50% (open circles) protein from the ti/ne of weaning
(16 days). Values are means I si; N = 5 to 7 rats in each group. xxx
= P <0.001, xx = P <0.01, x = P < 0.02.
was a gradual increase in SNGFR from day 16 to day 24 (Fig. 4).
A HP diet increased SNGFR after only two days. The differ-
ence in SNGFR between NP and HP rats became even more
pronounced after four days, but did not change thereafter (Fig.
4). The fractional reabsorption in PCT at 24 days of age did not
differ significantly between HP rats (59.2 4.4, N = 5) and NP
rats (56.8 2.2, N = 4).
Discussion
The present study has shown that in weanling rats there is a
considerable increase in mitotic activity in the kidney about one
week after introduction of a HP diet. This corroborates our
earlier findings in weanling rats where cortical DNA content
was used to evaluate growth [5]. High protein diet stimulated
mitotic activity in the PT, TAL and the glomerulus. The mitotic
effect of HP diet was more rapid in PT and TAL than in the
glomerulus. A HP diet did not stimulate mitosis in DT and CD.
It is well documented that a HP diet increases GFR [1, 2]. It
has been suggested that an increase in filtered Na stimulates Na
entry into the tubular cells [11] and that this process initiates
growth [12—14]. Our results are compatible with this hypothesis.
We found that SNGFR was considerably increased after only
two days on HP diet and at that time there was also significant
increase in the labelling index in the more proximal structures
of the nephron, PT and TAL. However, the HP diet stimulated
growth differently in PT and in TAL. In PT, the HP diet
increased the labelling index throughout the observation period,
while in TAL the labelling index was increased only after two
and four days on a HP diet. After two days on HP diet, the
mitotic response was more pronounced in TAL than in PT
21% 50% 21% 50%
18 days 1.2 0.4 1.0 0.2 0.2 0.1 0.2 0.1
20 days 1.4 0.4 1.1 0.4 0.8 0.5 0.5 0.3
24 days 1.6 0.4 1.3 0.4 0.7 0.5 0.3 0.2
Values are means I si; N = 5 to 7 rats in each group. There was no
statistically significant difference between the two experimental groups.
especially in the inner stripe. Our functional data indicate that
the Na delivery was increased to the same extent in PT and
TAL at 24 days. Different pathways for Na entry in the PT and
TAL might explain the differences in growth response. Stimu-
lation of the Na' /H exchanger followed by cell alkalinization
is a well documented trigger of DNA synthesis [14], and it is not
unlikely that increased Na entry via the Na/H' exchanger is a
potent growth stimulus. In PT a large fraction of the Na enters
via the amiloride-sensitive Na-H antiporter [15]. Although
this pathway also exists in the TAL [161 most Na entry occurs
via the Na'/Cl co-transporter in this segment [171.
We found no mitotic stimulation in the DCT and CD. The
mitotic activity in both experimental groups was very low in the
CD and therefore the results cannot be analyzed statistically.
Further, we did not analyze the CD cells in the inner stripe,
since they were often difficult to identify with accuracy. In the
inner medulla, however, there was hardly any labelling of CD
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Fig. 2. Labelling index (%) in cells of thick ascending limbs of Henle in
rats fed 21% (fl//ed circles) and 50% (open circles) p,ou,,if,o,n the time
of weaning (16 days). Values are means I SD; N = 5-7 rats in each
group. xxx = P < 0.001, xx = P < 0.01.
Table 2. Labelling index (%) in cells of distal convoluted tubules
(DCT) and collecting ducts (CD) in rats fed 21% and 50% protein diet
from 16 days of age
16 18 20 24
Age, days
DCT CD
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cells at all. Since the mitotic activity was generally somewhat
lower in the HP rats compared to the NP rats, we conclude that
HP diet does not stimulate mitosis in the DCT and CD. Because
of the small size of the rats, the micropuncture studies did not
include DT samples and we could therefore not establish
whether the load was less increased in the distal than in the
proximal parts of the nephron. Seney, Persson and Wright [8]
have, however, found in studies of adult rats that the Na
delivery to the distal convoluted tubules is lower in rats given
HP (40%) compared to rats given low protein diet (6%). Our
findings in the distal nephron, therefore, tend to support the
concept that kidney growth after HP diet is load dependent.
Since the mitotic response differed among different tubule
cell types, the results from this study do not suggest a major
role of circulating growth-promoting factors. We cannot, how-
ever, exclude that the distribution of growth factor receptors
varies among the different cell types. Furthermore, the acces-
sibility of growth factor receptors within the kidney might vary.
Stimulation of tubular growth after ablation of renal tissue
has also been attributed to an increase in the filtered load [6, 7].
The mitotic response to HP diet resembles the mitotic response
to the ablation of renal tissue. After unilateral nephrectomi, an
increased mitotic activity has been observed in all segments of
the remaining nephrons, but the activity has been greatest in the
proximal tubules [18, 191 and the thick ascending limbs of Henle
[191. The effect of HP diet on growth in various segments of the
nephron has previously only been reported in adult rats and in
abstract form [20]. Pronounced stimulation of growth in TAL
was found.
A mitotic response in the glomerulus was first observed after
eight days on HP diet or almost a week after a rise in nephron
filtration rate. This finding strongly suggests that a rise in GFR
will signal glomerular growth ahd excludes that hyperfiltration
is secondary to an increase in glomerular size. In the glorneru-
lus, endothelial cells outnumber epithelial cells [21]. The turn-
over of endothelial cells is rather slow and it may be stimulated
directly by an increased blood flow [22]. This might explain why
the mitotic response occurred much later in the glomerulus than
in PT and TAL. A small and delayed mitotic response in the
glomerulus has also been observed after the ablation of renal
tissue [21, 23].
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